Summary Effects of various drugs on the collicular auditory neurons were examined by means of pressure microinjection and microelectrophoresis methods. 1
Aminobutyric
acid exerted a potent inhibitory action on both spontaneous discharges and tone-induced responses.
The recovery required a much longer time than that needed for the onset of the effect. 6. Glycine caused a powerful depression comparable to that of GABA.
The neurons tested were of a fast time course of action.
tubocurarine blocked tone-induced excitation. Atropine had the strongest action among these cholinergic antagonists. 8. Disinhibitory effect by picrotoxin was observed with 43 % of the "on" type neurons examined , that is, "on" responses were changed to sustained responses. The action of picrotoxin was time-limited in duration to 40-80 msec and mainly affected the discharges during the beginning of the stimulation period. 9. Strychnine sulphate was found to have no effect upon "on" type neurons. 10. 5-Hydroxytryptamine was also found to have no effect. 11. Irreversible blocking effect was observed with tetrodotoxin. 12. It is suggested that the receptor sites of the collicular auditory neurons are cholinergic in nature for mediating the excitatory process.
GABA may be a principal candidate as an inhibitory transmitter which may produces "on" type responses in the inferior colliculus.
A number of pharmacological studies on the neuronal activities of the central nervous system have been reported. However , little is known about the pharmacological properties of the central auditory neurons. Such investigations were only recently reported with the cochlear nucleus by WHITFIELD and Cows (1966) and with the medial geniculate body by TEBECIS (1967 TEBECIS ( , 1970a . The primary purpose of the present study was to investigate the mechanism of the transient responses of the fast-adapting ("on") type of collicular auditory neurons. According to the intracellular polarization experiment with the collicular "on" type neurons by NELSON and ERULKAR (1963) , depolarizing currents caused the cell to fire repetitively. This indicates that the transient response of the collicular neurons may be due to the action of some inhibitory mechanism and not to their own adaptation. If the inhibitory influences onto the "on" type neurons were eliminated by the drugs, they should change discharge pattern , i.e. "on" units fire repetitively as exemplified by the neurons in the lower auditory levels. Thus, a pharmacological study was carried out to find out the drugs which show the disinhibitory action on the "on" type collicular neurons. During the course of this study, the synaptic mechanism of the collicular auditory neurons was also examined by using various kinds of drugs, e.g., acetylcholine, monoamines, and amino acids, etc. A preliminary report of part of the present study has been published (WATANABE and SIMADA, 1970, 1971 The microinjection technique has some advantages over the microiontophoresis technique in applying unionized substance and in rejecting the effect of electric current itself. In later experiments, microelectrophoresis was also used. In order to avoid the effect of direct current on the neuron, the electric current was applied intermittently (WATANABE and SIMADA, 1970) . There was little or no difference on the effect of drugs applied by either microinjection or microelectrophoresis.
A. Excitatory drugs 1. Acetylcholine chloride. Acetylcholine (Ach) was applied in a 35 (0.35 g/ml) aqueous solution. It stimulated 67 % of the neurons, as tested in increasing the number of spikes produced by sound stimuli. An example of an experiment with the microinjection of Ach is illustrated in Fig. 1 . The excitatory effect was fast in onset and slow in recovery. In the control (top record), toneburst stimuli (2/sec) evoked single "on" spikes without background activity. A microinjection of Ach (micrometer reading: 25 Div.) increased the number of the tone-induced spikes and also elicited the background spike activity (2nd record). The third, fourth and bottom records were taken 1, 2, and 3 min after the cessation of Ach application, respectively. The number of spikes decreased gradually with time. The degree of excitatory effect was variable according to the amount of Ach applied. Similar effects were obtained with the microelectrophoresis (current of up to 94 nA) of Ach. 2. Monosodium-L-glutamate. Glutamate was applied in a 30 % (0.3 g/ml) aqueous solution. Doses smaller than those of Ach could activate neurons after microinjection. The excitatory action was exerted rather slowly and was followed by a relatively fast recovery as illustrated in Fig. 2 The reading of the microinjector is 25 divisions. Application signal was indicated by an upward deflection on the bottom trace. Third, fourth and bottom records were taken 1, 2, and 3 min after the end of application, respectively. Voltage calibration: 3 mV. Time calibration is referred to 2/sec tone-bursts.
microinjection of glutamate (0.5 Div.) significantly increased the number of spikes with a latency of a couple of seconds after the start of application (2nd record). The records third from the bottom represent a continuous record during recovery. After the cessation of application the firing rate increased significantly not only in tone-induced responses but also in background discharges. This drastic increase in firing rate was associated with a diminution of the spike amplitude, and was followed by a temporal cessation of spike discharges (4th record). This cessation may be due to a cathodal depression. After this period, small spikes appeared again and their amplitudes increased gradually with some fluctuation. The complete recovery of the responses took about 15 sec. Examples shown in Fig. 3 represent the effects of glutamate applied microelectrophoretically on two different cells (A and B). Tone-burst stimulation was applied every second during a vertical continuous recording, and the effects of glutamate applied intermittently with either a positive or a negative current were observed on both "on" type neuron (A) and slow-adapting type neuron (B). The broken line on the left of each column indicates the signal of intermittent application of glutamate. In the case of positive current (glutamate electrode positive), that is, cationic current carried by Na+ from the glutamate containing capillary, there was no effect on the spike discharges (left column in A and B). However, with the polarity of the current reversed a remarkable excitation occurred in both cells. The excitatory effects were observed in about 70 % of the neurons examined. 3. L-Aspartic acid. L-aspartic acid was applied in a saturated aqueous solution. Figure 4 represents the excitatory effect of this drug upon an "on" type neuron. The top control record shows sporadic responses of a unit to 4,510 Hz tone-burst. During the application of the drug (from 2nd to 4th records), the number of spikes increased. A relatively fast recovery of the responses was observed as shown in the bottom two records. Larger doses of L-aspartic acid caused an increase in both spontaneous discharges and tone-induced responses.
4. Eserine sulphate. Eserine sulphate was applied by either microinjection or microelectrophoresis in a 1% (10 mg/ml) aqueous solution. About 60% of neurons were activated by this drug. Figure 5 illustrates an example in which a depression followed by an excitation is shown. The top record shows the control record in which a neuron responds to 5,678 Hz tone-bursts of 2/sec rate. During application of the drug (50 Div.) the responses were inhibited gradually and Z. SIMADA Left-hand columns of A and B represent the case where a positive current was applied to the microelectrode which contained sodium glutamate, and right-hand columns show the cases where a negative current was applied. In each vertical continuous recording, taken from the bottom to the top, a 1,580 Hz tone-burst was delivered at a rate of 1/sec to "on" type neuron (A) and a 1,521 Hz to slow-adapting type neuron (B). Broken vertical line on the left of each column indicates the signal of current applied intermittently. Calibration: 200 msec, 2 mV for A and 4 mV for B.
as seen in the 2nd to 4th records. After the cessation of drug application no responses were elicited for 1 min (5th record). In the 6th, 7th and 8th records which were taken 1, 3, and 5 min after the cessation of application, respectively, L -Aspartic acid 100 Div. (50 Div.) was shown in 2nd, 3rd and 4th records. Fifth record was taken immediately after the end of application. Sixth, 7th, and bottom records were taken 1, 3, and 5 min after application, respectively. Prolonged excitatory effect can be seen in the bottom record. Calibration: 3 mV.
plication of this drug (10 Div.). It caused a remarkable depressant effect comparable with that of GABA. Both onset and recovery were rapid. 3. Atropine sulphate. Atropine sulphate was applied by either microinjection or microelectrophoresis in a 20% (0.2 g/ml) aqueous solution. This drug is known as a muscarinic blocking agent among the cholinergic antagonists. All blocking action of atropine was long-lasting. Figure 8 illustrates the effect of atropine applied by microinjection (150 Div.). The top record shows the control responses of a unit to 3,252 Hz tone-bursts (2/sec). The middle five columns of records represent a continuous vertical record which run from the bottom left to the top right. The lower three records were taken 6, 8, and 10 min after the cessation of application, respectively. In this case the recovery took about 10 min.
Another example, shown in Fig. 9 gradually about 2 min after application and sometimes responses were completely abolished as is seen in the middle record of the left column of Fig. 10 . The inhibitory effect was greatest on later discharges, and hardly seen on the initial discharges. After cessation of application the responses returned to normal as is seen in the bottom left record. Both "on" and slow-adapting types of collicular auditory neurons were similarly blocked by this drug.
5. d-Tubocurarine. Another nicotinic blocking compound, d-tubocurarine (dTc), was used in a 0.3 % solution in physiological saline. Application by either microinjection or microelectrophoresis was without effect on tone-induced discharges with the exception of one cell which was inhibited. In this exceptional case, the effect of dTc was observed for more than one hour, that is, dTc applied microelectrophoretically (98 nA) for 12 min caused weak inhibition with a slow onset (about 8 min). The recovery of the responses took about 40 min after the cessation of drug application. saline. The disinhibitory effect of picrotoxin was observed in 43 % of the neurons examined. Figure 11 shows an example in which disinhibition occurred with a relatively rapid onset and a gradual recovery during and after application by microinjection (20 Div.). The top control record represents sporadic responses of "on" type neuron to 6,639 Hz tone-bursts (2/sec). Shortly after application of the drug burst-like responses appeared and the number of spike discharges gradually increased (3rd and 4th records). The disinhibitory effect lasted for a couple of minutes after the end of picrotoxin application (5th and 6th records). Recovery was completed 4 min thereafter (bottom record).
Another example shown in Fig. 12 shows a similar disinhibitory effect upon an "on" type neuron of picrotoxin applied microelectrophoretically. The top control record shows unit responses to 1.983 Hz tone-bursts. During application of the drug for 3 min the number of spike discharges increased significantly (2nd and 3rd records). The 4th records show the responses to two different durations of tone-bursts which were taken 1.25 min after cessation of application. The 5th and bottom records show the responses 5.25 and 7 min after the end of application, respectively. As is seen in Figs. 11 and 12, "on" type units fire repetitively due to the disinhibitory action of picrotoxin, that is, "on" type responses were changed to slow-adapting ones. The prolongation of discharges by picrotoxin seems to be limited to 40-80 msec, and main effect is seen during the beginning of stimulation. The effect of picrotoxin on the collicular auditory units of slow-adapting type was also studied. Contrary to the fast-adapting "on" type neurons , in the slow-adapting type there was only a very slight increase in the number of impulses after application of picrotoxin. 2. Strychnine sulphate. Strychnine sulphate was used in a 2.5 % solution in physiological saline and was applied by either microinjection of microelectrophoresis. There was no disinhibitory effect on the firing patterns in all neurons examined. In some neurons, temporal depression of spike discharges was found.
Picrotoxin 20 Div. Fig. 11 . Disinhibitory effect of picrotoxin upon "on" type neuron. Top record represents the control in which a neuron responded occasionally to 6,639 Hz tone-bursts (2/sec). Second, 3rd and 4th records represent during application by microinjection (20 Div.) Fifth, 6th and bottom records were taken 30 sec, 1 and 4 min after the end of application, respectively. Calibration: 5 mV. Second and 3rd records show the effect of picrotoxin during application (96 nA). Application time was 3 min as indicated by dotted line on the left. Fourth records show responses to tone-bursts of different durations, and were recorded 1.25 min after the end of application.
Fifth and bottom records were taken 5.25 and 7 min after the application, respectively. Calibration: 5 mV. drugs applied by either microinjection or microelectrophoresis were critically classified into excitatory and inhibitory groups.
On the cholinergic nature of the collicular auditory neurons, the effect of Ach was found to be excitatory in nature. There are extensive studies of the effects of Ach on the neurons in the central nervous system (CRAWFORD et al., and Z. SIMADA TTX 50 Div. Fig. 13 . Irreversible blocking effect of TTX upon "on" type neuron.
Top record represents the control in which a neuron responded to 3,382 Hz tone-bursts (2/sec). Second and third records were taken during application (50 Div.). Fourth, 5th and 6th records show a continuous record without interruption. Seventh and bottom records were taken 3 and 4 min after the end of application, respectively. Calibration: 2 mV.
1966; CURTIS and ECCLES, 1958; KRNJEVIC and PHILLIS, 1963; SALMOIRAGHI and STEINER, 1963) . In particular, as far as auditory neurons are concerned, Ach has been shown to have only excitatory effect on the neurons in the inferior colliculus (CURTIS and KOIZUMI, 1961) and in the cochlear nucleus (WHITFIELD and Cows, 1966) . In the recent studies on the neurons in the medial geniculate body, TEBECIS (1970a) reported that Ach excited a relatively large proportion of cells (45 %), in 29 % of the neurons depressant effects and in 4 % of the neurons dual excitant-depressant effects. In the present study, only excitatory effects of varying degrees have been observed. The hypothesis that Ach may be an excitatory transmitter acting on the collicular auditory neurons was supported by evidence of the effects of cholinesterase inhibitor and cholinergic antagonists. The effect of eserine sulphate was mainly excitatory. According to WHITFIELD and COMIS (1966) the action of this compound is governed by the dose applied, i.e., with a higher concentration the effect is predominantly inhibitory, while with a lower concentration, the effect is predominantly excitatory. TEBECIS (1970a) also reported that three cholinesterase inhibitors, that is, eserine, neostigmine and edrophonium, potentiated both excitant and depressant effects of Ach on many medial geniculate neurons. Generally, the excitatory effect of these compounds can be explained by the anticholinesterase properties. However the inhibitory effect of eserine might be due to the direct action to the receptor-sites. On the effects of cholinergic antagonists, atropine sulphate blocked the responses more readily and more often than dHBE and dTc. This suggests that the receptors on the collicular auditory neurons are predominantly muscarinic.
Besides Ach, monosodium-L-glutamate had a powerful excitatory effect on the collicular auditory neurons. The excitatory action of L-glutamate on most neurons in the central nervous system is well known (CURTIS and WATKINS, 1965; KRNJEVIC and PHILLIS, 1963a) . In the present experiment L-glutamate showed only an excitatory effect on both fast-and slow-adapting type neurons. It is thought that L-glutamate is unlikely to be an excitatory transmitter of the collicular auditory neurons.
Concerning the possible inhibitory transmitter acting on the collicular auditory neurons, both GABA and glycine always had a potent depressant action on both spontaneous discharges and tone-induced responses. A similary depressant action of both drugs has been recognized on the spinal neurons; glycine is usually more potent (CURTIS et al., 1968a, b) , while GABA is more effective than glycine on the cortical (CURTIs et al., 1968b; KELLY and KRNJEVIC, 1968) and Deiters neurons (BRUGGENCATE and ENGBERG, 1969a) . Furthermore, the depressant action of glycine is blocked by strychnine, but not that of GABA (BRUGGENCATE and ENGBERG, 1969b; CURTIS et al., 1968a, b) .
In the present study, a disinhibitory effect of picrotoxin was observed on the collicular "on" type neurons, but strychnine had no effect. Recently, picrotoxin-GABA antagonism has been noticed in the central nervous system (GALINDO, 1969; OBATA and HIGHSTEIN, 1970) . Thus, GABA may be a principal candidate among the possible inhibitory transmitters which may produce "on" type responses in the inferior colliculus. CURTIS et al. (1970) have reported that bicuculline blocks the inhibitory effect of microelectrophoretically administered GABA on the central neurons and this action provides decisive pharmacological evidence that GABA is likely to be a transmitter at certain inhibitory synapses.
Further study is needed to evaluate the effect of bicuculline upon the collicular "on"type neurons and the interaction between bicuculline or picrotoxin and GABA or glycine.
